The fluorinated pyrimidine nucleoside 5- fluoro-2'-deoxyuridine (FUdR) is an analogue of deoxyuridine and is used clinically in cancer therapy (11) . FUdR, like most natural nucleosides, can be degraded to its base, 5-fluorouracil, by a phosphorolytic reaction:
FUdR + inorganic orthophosphate z phosphorylase 5-fluorouracil + deoxyribose-l-phosphate FUdR is readily phosphorolyzed by thymidine phosphorylase (EC 2.4.2.4) purified from Escherichia coli (22) , and it also can be cleaved by uridine phosphorylase (EC 2.4.2.3) purified from Ehrlich ascite tumor (21) . It has been suggested that this breakdown may be a reason for the limited therapeutic effect of FUdR, and various attempts to find conditions that prevent phosphorolysis of FUdR have failed (2, 8, 12, 13) . It has been known for a while that in bacteria various nucleosides can prevent the phosphorolysis of thymidine in vivo and thus promote its incorporation into cellular deoxyribonucleic acid (3, 4, 6, 16, 18, 25) . In the present report we have investigated whether in E. coli the cleavage of FUdR can be prevented by nucleosides and whether uridine phosphorylase of E. coli can catalyze this phosphorolytic reaction as is the case in mammalian cells.
MATERIALS AND METHODS
Bacterial strains. The strains used in this study, their genotypes, and their origins (Table I) all are derivatives of E. coli K-12. Media and growth conditions. Strain K-10 was grown in M9 minimal medium (23) ; all other strains were grown in M9 medium supplemented with 0.2% Casamino Acids and I gg of thiamine/ml. The were shaken at 37 C in a water bath. Viable counts were carried out by diluting into M9 buffer and spreading onto Difco nutrient agar plates. Breakdown of nucleosides. The radioactive nucleoside (or base) was added to exponentially growing cells at approximately 5 x l07 cells/ml, and 0.1 ml of the culture was transferred at intervals to 0.1 ml of 10% cold trichloroacetic acid containing 4 to 8 pmoles of the appropriate base and nucleoside as carriers. After at least 30 min in cold acid, approximately 5 gliters were spotted on cellulose-coated plastic sheets (either Eastman Co., Rochester, N.Y., sheet no. 6064 or Macherey-Nagel & Co. DUrn, Germany, MN Polygram CEL 300). The chromatograms were developed in a closed jar containing the solvent to a height of 0.7 mm. For the separation of thymidine from thymine, uridine from uracil, and 5-bromo-2'-deoxyuridine (BUdR) from 5-bromouracil, water was used as solvent; for the separation of FUdR from 5-fluorouracil methanol, concentrated hydrochloric acid (70:20 v/v) was used. After the solvent had developed to a height of 18 to 19 cm, the sheet was dried for I to 2 min under a stream of warm air. The separated compounds, detected under a short-wave ultraviolet light, were cut out, and their radioactivity was counted in a liquid scintillation spectrometer.
Chemicals. FUdR was a gift of Roche Products Ltd. All other nucleosides and bases were purchased either from Calbiochem, Lucerne, Switzerland, or from Sigma Chemical Co., St. Louis, Mo. BUdR 6-H3 was obtained from New England Nuclear Corp., Boston, Mass.; thymidine-methyl-H3, uridine--H' and FUdR-6-H' were obtained from the Radiochemical Centre, Amersham, Bucks., England.
RESULTS
Breakdown of FUdR and the effect of nucleosides. Both adenosine and deoxyadenosine are known to inhibit the phosphorolysis of thymidine in vivo (6, 25) , and we tested their effect on phosphorolysis of FUdR. A culture of wild-type cells (strain K-10) was labeled with radioactive FUdR, and the radioactivity in FUdR and in 5-fluorouracil was followed. Figure I shows the results expressed in per cent counts remaining in FUdR as a function of time. In the untreated control, FUdR was completely degraded to 5-fluorouracil within 90 min, whereas in the two subcultures, treated either with deoxyadenosine or with adenosine, FUdR was practically unaffected. It is not yet clear how this inhibition is brought about because in vitro adenosine and deoxyadenosine are not inhibitors of thymidine phosphorylase (6, 25) . Deoxyadenosine, which induces thymidine phosphorylase, can also serve as a donor of the deoxyribose moiety, thus shifting the phosphorolytic reaction towards the synthesis of FUdR. That this is the case is shown by an experiment identical to the one described in Fig. I 
a Abbreviations as recommended by Taylor (24) , nonrelevant markers are in parentheses: arg, arginine; dra, deoxyriboaldolase; ilv, isoleucine-valine; leu, leucine; pup, purine nucleoside phosphorylase; ser, serine; tdk, deoxythymidine kinase; thi, thiamine; thr, threonine; ton, bacteriophage T1; tpp, thymidine phosphorylase; trp, tryptophan; udp, uridine phosphorylase (20) ; upp, UMP pyrophosphorylase (20) . ribosides. This is similar to our previous finding that adenosine is a better inhibitor of thymidine phosphorolysis than is deoxyadenosine (25) . Also, previous workers have reported that deoxyguanosine and guanosine, in contrast to other nucleosides, cannot stimulate the incorporation of thymidine into deoxyribonucleic acid (4, 6), i.e., do not inhibit thymidine phosphorylase activity.
Effect of deoxyadenosine on thymineless death caused by FUdR. Bacterial cells treated with FUdR undergo a so-called thymineless death because FUdR is converted by thymidine kinase to 5-fluoro-2'-deoxyuridine-5'-monophosphate (F-dUMP), and the latter is a potent inhibitor of thymidylate synthesis (5, 10) . It is therefore expected that in an FUdR-treated culture deoxyadenosine will enhance thymineless death. In Fig.  3 it is seen that, in the culture of wild-type cells treated with FUdR and deoxyadenosine, cell mortality after 4 hr is threefold greater than in the culture treated with FUdR alone. However, as seen in Fig. 3 , 5-fluorouracil itself causes cell death at a similar rate as does FUdR, presumably because 5-fluorouracil can be also converted to FUdR (14) . Nevertheless, the stability of FUdR caused by the presence of deoxyadenosine confers a higher death rate than does either FUdR or 5-fluorouracil alone. That it is FdUMP which is responsible for thymineless death is demonstrated in an experiment (Fig. 4 Phosphorolysis of FUdR by thymuidine phosphorylase or by uridine phosphorylase? FUdR, BUdR, and deoxyuridine are substrates of thymidine phosphorylase from E. coli (1, 9, 22 ). BUdR and deoxyuridine are also substrates of uridine phosphorylase from E. coi (1, 17) , and FUdR can be also cleaved by uridine phosphorylase purified from Ehrlich ascite tumor (21) . To determine whether uridine phosphorylase from E. coli similarly can cleave FUdR, phosphorolysis of FUdR and BUdR were compared in three mutant strains lacking the activity of uridine phosphorylase (udp; strain 4K-14) , or thymidine phosphorylase (tpp; strain 4K-3-1) or both (udp Ipp; strain 4K-26). Figure 5A shows the rate of thymidine phosphorolysis, and Fig.  SB shows that of uridine in cultures of these three mutants and their corresponding parental strain carrying the wild-type alleles (strain 4K-3). These results show the validity of the designated genotypes of the strains used. Figure 6A shows the breakdown of BUdR in these four strains. As already found (1) this analogue is readily cleaved by thymidine phosphorylase as well as by uridine phosphorylase, though to a lesser extent by the latter enzyme; its cleavage can be completely prevented only in the double mutant. Figure 6B shows that FUdR is cleaved neither by the tpp nor by the udp tpp mutant strains, and we conclude that it is specific to thymidine phosphorylase only.
DISCUSSION
Two main conclusions can be drawn from the data presented. Firstly, in E. coli, FUdR is a specific substrate of thymidine phosphorylase, in contrast to deoxyuridine and BUdR which can be phosphorolyzed either by thymidine phosphorylase or by uridine phosphorylase (1, 17) . Secondly, nucleosides which are known to inhibit the activity of thymidine phosphorylase can likewise inhibit breakdown of FUdR.
Since the inhibition of phosphorolysis by adenosine and deoxyadenosine occurs only in vivo (6, 25) , there is not yet a satisfactory explanation for the mechanism of this inhibition. Deoxyribonucleosides can be donors of deoxyribose, thus shifting the phosphorolytic reaction towards the anabolic direction. It has been demonstrated that this deoxyribosyl transfer reaction is catalyzed by a coupled reaction of thymidine phosphorylase and purine nucleoside phosphorylase (15, 19) . This, however, cannot be the main reason for the inhibition because ribonucleosides are even more effective inhibitors of phosphorolysis. Furthermore, deoxyadenosine is also an effective inhibitor in a purine nucleoside phosphorylase (pup) mutant strain which cannot cleave deoxyadenosine (19) .
Inhibition of FUdR phosphorolysis by added nucleosides may occur similarly in tumor cells and in cases where FUdR proves to be a more useful drug in therapy than is 5-fluorouracil; the concomitant administration of nucleosides (or some effective nucleoside analogue) might be of therapeutic advantage. 
